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Abstract
The current Standard Model cannot explain many properties of the neutrino, including its
mass. Models exist where a postulated heavy Majorana neutrino will give rise to the observed
small neutrino mass currently observed. This thesis presents a search for indications of Majorana
neutrinos with focus on finding heavy neutrinos and WR-bosons predicted by the Left-Right Sym-
metric Model. Proton-proton collision data collected by the ATLAS detector in 2012 is used, with
an integrated luminosity of 0.84 fb−1 at a center-of-mass energy of
√
s = 8 TeV. The main analysis
channel consists of a final state with two same-sign muons and two quarks with high transverse
momentum and low missing transverse energy. Due to insufficient data and a lacking Standard
Model background analysis no clear conclusion is drawn regarding the particle nature of the neu-
trino nor the existence of new particles. The general analysis framework this thesis provides could
however be of use for further studies in the same field.
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1 INTRODUCTION
1 Introduction
1.1 Purpose and motivation
The purpose of this thesis is to search for indications of Majorana neutrinos by analyzing proton-
proton collision data from the ATLAS detector at the Large Hadron Collider (LHC). Elementary
particles generally have antiparticles of opposite charge, but the observed neutrino might present
the special case of being indistinguishable from its antimatter counterpart. If that would be the case
the neutrino would be a so called Majorana particle, in contrast to a Dirac particle that has a distinct
antiparticle. The particle nature of the neutrino is still unknown, but an answer would relate to
many of the current issues of modern physics. This includes answers to why the neutrino has mass,
a relatively recent discovery that the current Standard Model cannot explain.
Majorana neutrinos imply lepton number violating interactions, as the neutrino can no longer be
attributed a lepton number based on being a particle or antiparticle. Interactions producing same-
sign leptons without corresponding neutrinos are therefore more probable with Majorana neutrinos
than predicted by the Standard Model (SM). A search for an excess of same-sign dimuon events is
therefore presented, and a signal would indicate a new lepton number violating interaction. The
main analysis will be done in the standard seesaw model framework using the Left-Right Symmetric
Model prediction of the existence of a new W-boson and a new heavy Majorana neutrino. The
2µ2jet-channel of two same-sign muons and two jets is used, as that particular final state enables
resonances of the new particles to be observed. While any reliable quantitative results are not
expected due to the limited scope of the thesis, the aim is also to evaluate the used method by
applying it on simulated data sets where a Majorana signal is expected to be seen.
1.2 The Standard Model of particle physics
The Standard Model of particle physics is the current framework for describing the fundamental
particles and how they interact with each other. It emerged during the latter half of the twentieth
century accompanied by significant experimental success with one of its last major predictions, the
existence of the Higgs particle, being confirmed at LHC in 2012. The Standard Model describes a
number of elementary particles (Fig. 1), divided into two main families of leptons and quarks. These
families are further divided into three generations, where the particles of each generation behave
similarly but have different mass. The standard model explains how these particles interact via the
weak, the strong and the electromagnetic force. These three forces are in turn represented by the
gauge bosons which mediate all interactions.
Each of the Standard Model particles is associated with a set of quantum numbers which are gener-
ally conserved in all interactions. Antiparticles are defined by having the same magnitude but op-
posite sign of their quantum numbers than their particle counterparts. Quantum numbers include
the spin and charge of the particles, but each fermion is also assigned a specific flavor quantum
number denoting its identity. The leptons are assigned a positive electron, muon or tauon number
depending on the generation. This corresponds to the fact that an electron is always created together
with either a positron or an antineutrino to conserve the electron lepton number. The quarks behave
similarly with the higher generations being assigned quantum numbers like strangeness and charm,
while the first generation use the similar system of either positive or negative isospin.
The strong force is mediated by the massless gluon, affects the six quarks, and is described in terms
of color charges. A quark can be either green, blue or red (or the corresponding anti-colors), and
the colors attract each other to form neutral, or colorless, objects. This together with the fact that the
gluon itself has a color gives rise to the concept of color confinement, stating that quarks can only
exist if they are bound with other quarks so they together are colorless.1 Quarks are always found
1This fact can be summarized by the phrase “Friendship is Magic”, as quark always need at least another quark friend
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in either triplets with one of each color or as pairs with a color and its corresponding anticolor.
For example, triplets of quarks make up the nucleons of the atomic nucleus: The proton consists
of two up quarks and one down quark, while the neutron consists of one up quark and two down
quarks. The extreme strength of this confinement gives the strong interaction its name, but the
self-interaction of the gluon makes it only relevant on scales comparable to the small radius of a
nucleon.
While the strong force gives rise to the atomic nucleus, it is the electromagnetic force that is respon-
sible for the atom and most macroscopic phenomena such as chemistry and light. Electromagnetism
affects both quarks and the charged leptons, which are the common electron and the heavier muon
and tauon. The electromagnetic force couples to electric charge of which the leptons have −e and
the quarks have either − 13 e or 23 e, where e is the unit charge. As quarks never appear alone the
electric charge always appears in multiples of the unit charge. Opposite electric charges attract each
other which explains the basic feature of the neutral atom: The nucleus contains positive protons
that attract a cloud of negative electrons. The electromagnetic force is mediated by the massless
photon, which in contrast to the gluon has no charge of its own implying that it travels freely until
it encounters matter (as seen when enjoying the distant light of a starlit night sky) .
The weak force is in contrast to the above mentioned forces more subtle. It affects all the fermions
of the Standard Model including the otherwise chargeless neutrinos. It is mediated by the W and
Z bosons, which in contrast to the other mediator particles have large masses. The result of this
is a very small probability for two particles to interact weakly. In the case of the neutrino, the
only elementary particle which exclusively interacts weakly, billions pass through us at any given
moment without leaving any trace. The weak force is important for explaining radioactivity, and
is the only force capable of changing the type of an elementary particles, turning a electron into a
neutrino or a up quark into a down quark.
The last particle of the Standard Model is the recently discovered Higgs boson which represents a
field that couples to the mass of the elementary particles. It was needed and expected as without
it the Standard Model predicted all particles to be massless. The Higgs boson was simultaneously
postulated by many theoreticians but without any predictions regarding its mass, and its discovery
was not only a theoretical success for the Standard Model framework but also showed how far
experimental particle physics had come.
nearby giving a strong - almost magical - connection.
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Figure 1: The elementary particles of the Standard Model [1].
While the Standard Model is able to account for almost all observable phenomena it still leaves
several problems unsolved. A common criticism is that it is inelegant: While it obviously works well
it makes no attempt to explain why precisely these elementary particles and forces exist. The large
number of such so called free parameters is often a reason to try to replace the Standard Model with
something more elegant. Concrete theoretical issues include the problem of gravity: At low energies
and small distances where gravity is negligible the Standard Model is fine, but attempts to unify
all the forces into one theory has failed. The problem can be exemplified with black holes as they
combine an extreme mass with quantum behavior, something which currently cannot be modeled by
either general relativity or the Standard Model separately. Other problems include the mysterious
existence of dark matter and dark energy and the problem of the mass and particle nature of the
neutrino, with the latter being the topic of this thesis.
1.3 Historical background
1.3.1 The neutrino
In 1930 Wolfgang Pauli proposed the existence of the neutrino to account for the energy spectra of
nuclear β-decays, a decay of the type
n→ p+ e−
where a neutron in a nucleus decays into a proton and an electron. The energy of the nuclear decay
should be divided between the proton and the electron to ensure the conservation of both momen-
tum and kinetic energy. The result of this would be that the decay electron should be observed with
a characteristic energy as given by a two-body decay. Instead the decay electrons were observed to
have a continuous range of energies. However, by adding a additional decay particle ν with a corre-
sponding anti-particle ν¯, the energy spectrum of the decay electron could be explained as something
inherent in a three-body problem. As the particle ν could not be detected it had to be electrically
neutral, and hence it was given the name neutrino. A massless, neutral neutrino traveling at the
speed of light was able to explain the β-decay energy spectrum, but its predicted properties made it
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difficult to observe: As the neutrino would only interact via the weak force the probability to detect
it with any kind of detector was minute.
The confirmation that the neutrino was not only a mathematical concept came in 1956 with an
experiment by Clyde L. Cowan and Frederick Reines. While the neutrino could not be observed
directly, a nuclear reactor could be used as a antineutrino source to induce inverse β-decay of the
type
ν¯+ p→ n+ e+.
If the antineutrino was a real particle that induced the above reaction the γ-flashes from both the
annihilation of the positron and the capture of the neutron in the detector medium should be readily
observable. These γ-flashes should also come in a distinct order, making it possible to correctly iden-
tify any antineutrino interaction. While only a few events were seen the experiment confirmed both
the existence of the antineutrino and the small probability of interaction between a neutrino and or-
dinary matter. Subsequent experiments confirmed the existence of the neutrino, and with improving
neutrino detectors neutrinos from for example the sun and cosmic radiation were observed.
While the neutrino was for a long time thought to be massless, at the end of the twentieth century
multiple experiments had measured the phenomenon of neutrino oscillations: The flavor of a neu-
trino changes while it travels, a fact that explains the much lower than expected number of electron
neutrinos coming from the sun. Neutrino oscillations can only be explained by neutrinos having
mass in contrast to the massless neutrino predicted from the otherwise successful Standard Model.
1.3.2 The search for the Majorana neutrino
One of the greatest achievements of early quantum mechanics was the Dirac equation as formulated
by Paul Dirac in 1928, which was able to describe the behavior of relativistic fermions. An unex-
pected result of its formulation was the prediction of antimatter: The equations not only gave the
two solutions corresponding to a spin up and spin down fermion as could have been expected, but
gave an additional two solutions corresponding to the same particle but with negative energy. Such
a particle would have equal but opposite quantum numbers as its positive energy counterpart, and
the prediction was confirmed in 1932 when the positron, a particle with equal mass but opposite
charge of the electron, was observed. However, it was shown in 1936 by Ettore Majorana that the
neutrino still could fulfill the Dirac equation without having an anti-particle. The most direct con-
sequence of this would be a violation of lepton number in weak interactions, as a neutrino, being its
own anti-particle, should have no defined lepton number. This notion was put to the test in nuclear
experiments looking for interactions of the type
ν¯e + n→ p+ e−
`e = −1→ `e = 1
which are forbidden for Dirac particles due to the violation of lepton number conservation. As no
such events were seen it was initially assumed that the neutrino was of Dirac character, but the
question was again raised when the chiral structure of the weak interaction was discovered. It was
since long assumed that all fundamental forces were so called chirally symmetric: All interactions
would look the same if the spacial coordinates of the involved particles were mirrored. While there
were plenty of evidence for this in the strong and electromagnetic force no experiments showing this
had been made concerning the weak interaction. After suggestions from the theoreticians Tsung-Dao
Lee and Chen-Ning Yang, Chien-Shiung Wu showed that the weak force violates parity by looking
at β-decays of cobalt in a magnetic field. Weak parity violation implies that only particles with a
certain chirality, an internal property of a particle, is affected by the weak force.
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The chiral state is possible to observe in the case of a massless fermion: A massless particle is chirally
right-handed if the fermions spin is parallel with its direction of movement, and chirally left-handed
if its spin is anti-parallel with its direction of motion. Only left-handed neutrinos could be observed,
implying that the weak interaction only applied to left-handed particles. However, the same was
not the case for electrons: Right-handed electrons seemed to be able to interact weakly even if it was
improbable. This can be interpreted as the massive fermions having no definite chirality, but are a
mix of a left-handed and a right-handed chiral state. The neutrino presents a unique case as it can
only interact weakly and was thought to travel at the speed of light: It is created left-handed via the
weak interaction and will always be observed as such in all frames of reference.
However, this chiral dependence of the weak force did not help giving a decisive conclusion regard-
ing the Majorana neutrino. It was shown that the weak force were symmetric when all particles in
an interaction was both exchanged for their anti-particles and their spatial positions were mirrored.
An electron would only interact with left-handed neutrinos, but a positron would instead only inter-
act with right-handed antineutrinos. Even if the neutrino was a Majorana particle, only left-handed
neutrinos would interact with matter and right-handed neutrinos would interact with antimatter.
This made it impossible distinguish a Dirac antineutrino or a right-handed Majorana neutrino, as
both would interact only with antimatter. Using the subscripts L and R for left- and right-handed
chirality the possible Majorana interactions
νL + n→ p+ e−, νR + p→ n+ e+
would look identical to the Dirac interactions
ν+ n→ p+ e−, ν¯+ p→ n+ e+.
Assuming the neutrino to be massless meant that its lepton number could be seen as an emergent
property derived from its chirality. Its fundamental particle property would not be observable if
it was massless, and the search was therefore abandoned again. However, the question regained
relevance with the discovery of neutrino mass. Neutrino mass meant that there should be an ob-
servable mixing of left-handed neutrinos and postulated right-handed neutrinos in the same way
as left-handed and right-handed electrons mix. A difference between Dirac and Majorana neutrinos
should therefore be observable. It was also clear that the Standard Model prediction of the neu-
trino mass was flawed, and many proposed mass generating mechanism required Majorana particle
nature to work [2].
As of yet no experimental data indicating Majorana neutrinos have been found, and the current
search involves both nuclear and particle physics. Many experiments searching for neutrinoless
double β-decay are underway. They attempt to detect the lepton number violating decay
2n→ 2p+ 2e−
which theoretically could be present in certain elements 2. Similar lepton number violating interac-
tions are looked for in high energy physics experiments like those performed at the LHC, as lepton
number violation can be observed by examining the end products of particle collisions. The higher
center-of-mass energy also add the benefit that more exotic models involving heavy new neutrinos
or other postulated particles can be examined.
1.4 The ATLAS detector
The ATLAS detector (figure 2) is a general-purpose particle detector located at the LHC at CERN. It
is designed to identify particles from proton-proton collisions at high center-of-mass energies with
2For a comprehensive summary of current double β-decay experiments, see Ref. [3].
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a general aim of finding new particles and expanding the current Standard Model. The following
section is a brief summary of its different detector parts based on Refs. [4].
ATLAS consists of four different detector systems in a shell-like structure. When working in tandem
they can measure the kinetic parameters of and identify the final state particles of the proton-proton
collisions. Innermost is a tracking detector, consisting of both tracking chambers and semiconductor
pixel detectors. It enables the path of the particles to be observed, and by applying a large magnetic
field over the tracking chamber the curvature of the track can also be measured. From that infor-
mation the charge and transverse momentum of the particles can be deduced. The particles then
encounter an electromagnetic (EM) calorimeter, whose primary function is to absorb and measure
the energy of particles like electrons and photons. Energetic jets and hadrons able to pass through
the EM calorimeters without being absorbed instead deposit their energy in the hadronic calorime-
ters. They are designed to measure the energy of primarily hadrons and are also able to absorb
neutral hadrons like neutrons. The thickness of the hadronic calorimeter ensures that few particles
are able to escape without depositing all of their energy. The calorimeter systems primarily consist
of combinations of Liquid Argon calorimeters and iron Tile calorimeters, and used together with the
tracking detector the kinetic parameters of each detected particle can be measured.
While most particles are stopped by the calorimeters the muons are able to pass through unhin-
dered. To detect them an additional shell of muon spectrometers cover the detector. Similar to
the initial tracking detector, the muon spectrometers consist of tracking chambers able to detect the
position and trajectory of incoming charged particles. By applying a magnetic field and observing
the resulting curvature of the tracks the momentum and charge of the muons can be calculated
with a high accuracy. While the general design of ATLAS allows for good identification of different
elementary particles, muons have certain advantages due to their specific detector signal. As muons
pass through two tracking detectors the charge of the muon can often be very precisely measured:
Both tracking systems should attribute a specific muon the same charge, and if that is not the case
the event can be discarded as false. In contrast electrons are more commonly misassigned in charge
as an error in the first tracking detector cannot be checked by a secondary source. Their tendency to
heavily radiate photons when interacting with matter (“Bremsstrahlung”) further makes a precise
identification of electrons difficult. The fact that a muon is present in all stages of ATLAS includ-
ing the calorimeters also allows their path to be accurately reconstructed, and muon reconstruction
methods uses all these different sources of information.
There exist two muon identification methods used in ATLAS, MuID and STACO [5]. While they
use different algorithms they are generally equally good at muon reconstruction, both being able to
identify muons with high precision. STACO is often used by same-sign dimuon analyses due to its
slight edge in charge assignment, prompting it to be used in this study.
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Figure 2: Basic layout of the ATLAS detector [6].
2 Theory
2.1 Majorana neutrino theory
2.1.1 The weak interaction
The weak force is one of the three fundamental interactions, and it plays an important role in
the Standard Model. It couples to all elementary fermions and is mediated by the charged gauge
bosons W± and the neutral Z0. The most apparent property of the weak force, the small interaction
probability giving rise to its name, depends not on a low intrinsic coupling constant but on the
fact that all weak gauge bosons are massive. The time the interaction bosons can exist during a
weak interaction is limited by the uncertainty principle as to not violate the conservation of energy,
implying a low interaction probability at interaction energies small compared to the W± and Z0
masses .
Another property of the weak interaction is its chiral dependence as it is not invariant under a par-
ity (P) transformation. Only particles with left-handed chirality interact weakly, while no particle
with right-handed chirality can do the same. While chirality is an intrinsic property of a fermion it
can be measured directly in massless particles, as the handedness of its observed helicity state and
its chirality are the same. The chiral dependence of the weak interaction has special implications
regarding the neutrino: As it can only be created or interact with other particles by the weak in-
teractions all Standard Model neutrinos are left-handed by default. It has also been shown that the
weak force is not invariant under a charge conjugation (C) transformation which changes a particle
into its anti-particle. A left-handed particle and a left-handed antiparticle thus interacts differently
in regards to the weak force. However, all weak interactions involving leptons are invariant under a
combination of both transformations. The CP-transformation changes a left-handed fermion ψ into
its right-handed anti-particle according to
7
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ψL
CP−→ ψ¯R.
The weak force is thus symmetric with respect to a left-handed electron and a right-handed positron,
or equally between a left-handed neutrino and a right-handed antineutrino.
The Standard Model fermions are often represented by either doublets or singlets depending on
how they can be influenced by the weak force as shown below:3(
e−L
νL
)
, e−R ,
(
e+R
ν¯R
)
, e+L
The left-handed electron and neutrino form a doublet, where a W-boson can act to change one of the
states into the other. This transformation can be seen as a rotation of the doublet and is a member
of the special unitary group SU(2)L, giving rise to the gauge bosons that act on the particles in the
doublets according to
e− −→W−ν, ν −→W+e−, ν −→ Z0ν, e− −→ Z0e−.
As a right-handed electron cannot interact weakly it is represented by a singlet state that cannot be
rotated. However, as already mentioned in section 1.3.2, massive fermions have no defined chirality
but can always be described as a mix of both chiral states: The observable electron can interact as
a both left-handed electron or a right-handed electron. It can equally be said that the interaction of
the chiral states of a particle give rise to its mass, and the mass terms of the fermions is commonly
expressed in terms of the interaction of the left- and right-handed parts of a particle. The fact that
neutrinos have mass despite the Standard Model requiring them to be massless thus imply several
things. As in the case of the other massive fermions, a neutrino mass would suggest the existence of
a singlet right-handed neutrino νR. The observed massive neutrino should then be a mixed state of
its right-handed and left-handed chiral states. A right-handed neutrino would however be unique
in having no charge that couples to any Standard Model force. Such a particle is called sterile
as it would not interact at all except in the capacity it mixes with its other chiral state. This can be
compared to a left-handed neutrino which carry weak isospin that couples to the weak force, and the
right-handed electron that carry electrical charge that couple to the EM force. Both νL and e−R would
thus be in a different state after a C transformation as their charges would change. The chargeless
νR would instead be identical after a C transform, and this property opens up the possibility of the
right-handed neutrino being a Majorana particle.
2.1.2 Majorana and Dirac mass generation
The following theory sections are based on the treatment of the subject in Ref. [7]. The Standard
Model is formulated in terms of Lagrangians, a mathematical formulation devised to find the equa-
tions of motion for a physical system. Lagrangian mechanics can be used to find Newtons laws of
motion in classical physics, and the same method is used to solve the Dirac equation for quantum
particles. Each Standard Model particle is described by a collection of terms that when inserted into
the Euler–Lagrange differential equation will give the particles equation of motion as a solution.
While most fermion masses can be described by a Lagrangian term that couples the particle field to
the Higgs field, this is not valid for the neutrino. This can be seen by inspection of the Lagrangian
mass term LD of a Dirac fermion,
LD = −mD(ψ¯RψL + ψ¯LψR)
3Here electrons have been chosen as an example, but the notation is similar for all generations of quarks and leptons.
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where mD is the coupling term to the Higgs field, and ψR,L is a left/right-handed fermion field.
Both chiral states is needed for the mass term to be non-zero, but as no right-handed neutrino field
exist there is no way to generate a Dirac mass term. A possible solution would be to postulate the
existence of a new sterile right-handed neutrino. Such a particle would not interact weakly, but
would be able to give rise to the neutrino mass given the right Higgs coupling parameter. It would
however not provide a mechanism that explains why the neutrino Dirac mass is so much smaller
than the Dirac mass of the other fermions.
Another possibility is for the neutrino to have a Majorana mass term, which for a right-handed
particle takes the form
LR = −mR2
(
(ψR)CψR + ψR(ψR)
C
)
This is possible only for the right-handed neutrino as the charge conjugation transformation C is
used to construct a mass term from only right-handed fields: The charge conjugation of a fermion
field with a given chirality changes its handedness. For any charged fermion the above term would
violate charge conservation, making it possible only for a sterile neutrino.
A simplistic argument for the existence of a Majorana mass terms can be made based on the above
presented mass terms. If the neutrino has a Dirac mass there must exist a sterile right-handed
neutrino, and if it exists there is nothing preventing it from having a Majorana mass term. On the
other hand, if no Dirac mass terms exist the only remaining option for giving the neutrino mass is a
left-handed Majorana mass term.4
2.1.3 The standard seesaw mechanism
As there is nothing preventing the neutrino from having both Dirac and Majorana mass terms these
two formulations can be combined to form a general mass term
Lm = LD + LR
where LR is the Majorana mass term of a new right-handed neutrino field N0R, LD is the Dirac mass
term that arises as there now is both a right-handed and left-handed neutrino field (ν0L). Using the
equations for Majorana and Dirac mass terms this can be rewritten in matrix form as
Lm = −12
(
(ν0L)
C, (N0R)
)( 0 mD
mD mR
)(
ν0L
(N0R)
C
)
where the superscript 0 signifies a field rather than the particle itself.
(
0 mD
mD mR
)
is then the
neutrino mass matrix whose eigenvalues represent the mass of the real observable neutrinos. By
solving the eigenvalue equations the two eigenvalues can be found to be
m1 =
1
2
(mR −
√
4m2D +m
2
R),
m2 =
1
2
(mR +
√
4m2D +m
2
R).
The seesaw model is then acquired by assuming the right-handed mass term to be much larger than
the Dirac mass,
4A left-handed Majorana mass term can be constructed by postulating the existence of more than one Higgs boson [8].
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mR  mD ≈ 0.
Using this the eigenstates can be approximated to
m1 ≈ mR2 −
1
2
√
4m2D +m
2
R ≈
m2D
mR
m2 ≈ mR
where the first order expansion of 12
√
4m2D +m
2
R ≈ mR2 +
m2D
mR
around mD = 0 was used. As m1 ∝ 1m2
the eigenvalues will form a seesaw dependence: For a very large mR = m2 the mass of the eigenstate
m1 will be very small.5
The mass eigenvalues should thus correspond to two observable particles. The small mass of m1 can
be interpreted as the mass of the currently observed left-handed neutrino ν, while the large m2 would
correspond to a heavy but yet to be discovered right-handed neutrino NR. These mass eigenstates
would behave as Majorana particles, as could be suspected from a combined Dirac-Majorana mass
term.
The seesaw model is thus of both Dirac and Majorana character, and is often mentioned due to
the comparatively elegant way it gives rise to small neutrino masses by postulating a sterile right-
handed neutrino field. While there exist many different seesaw theories, the most simple one pre-
sented above predicts that we should see both a new heavy neutrino and Majorana characteristics
of interactions like lepton number violation. This so called minimal extension framework assumes
the new neutrino to be sterile, and thus only be able to interact in the capacity of its mixing with the
left-handed neutrino.
2.1.4 Left-Right Symmetric Model
The Left-Right Symmetric Model (LRSM) is an extension to the Standard Model often used as basis
for Majorana neutrino theories. The weak interaction in the Standard Model only affects left-handed
particles, giving rise to the left-handed
(
e−L
νL
)
doublet and the e−R , νR singlets assuming the minimal
extension framework. The LRSM postulates that there exist gauge bosons W±R , Z
0
R coupling to
right-handed particles: The e−R , νR singlets therefore belong to a doublet
(
e−R
νR
)
, implying that
an existing right-handed neutrino should not be sterile. The LRSM postulates again restore parity
invariance to the Standard Model with chiral handedness not disallowing weak interaction. The
reason only the left-handed weak interaction has been observed is explained as a result of symmetry
breaking due to the proposed high mass of WR: At low energies the right-handed weak interaction is
heavily suppressed, similar to how the weak interaction is suppressed at low energies in the current
Standard Model due to the high mass of WL. However, at higher interaction energies where both WL
and WR can be created with similar probability parity should be conserved. Its prediction of a right-
handed neutrino that can potentially be heavy is often mentioned together with the standard seesaw
model [10]. The basic LRSM predicts both new weak gauge bosons and a new heavy neutrino of
Majorana character, both of which should be seen either as distinct resonance states or as an excess
of lepton number violating interactions at center-of-mass energies comparable to m(WR).
5In the simplistic calculations presented above m1 is negative. A more thorough treatment gives an additional factor
e1 = −1 and the resulting positive eigenvalue is presented above [9].
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2.2 Detector signals
The main analysis of this thesis will be centered around the 2µ2jet -channel, corresponding to
q+ q¯ W
±−→ µ± + NR W
∓−→ 2µ± + q+ q¯
with NR being a new heavy Majorana neutrino. The interaction diagram assuming the minimal
extension framework is presented in figure 3.6 A quark-antiquark pair, for example a valence u
quark and a d¯ sea quark from a pp collision, annihilates weakly and the resulting W boson decays
into a lepton and a NR. While a light neutrino cannot decay weakly into a charged lepton due to
energy conservation, a heavy neutrino of Majorana character can decay into both charged leptons
and anti-leptons and do so without preference as no lepton number needs to be conserved. This will
result in a final state were it is possible to observe two leptons of equal charge and no neutrinos. Such
a violation of lepton number conservation would imply Majorana neutrinos as there is currently no
other mechanism in the Standard Model that can result in such a final state. The interaction could
however only be expected to take place at energies similar to m(NR), and in the case of the minimal
extension framework the probability is further suppressed by the mixing factor between left-handed
and right-handed neutrinos [11] .
In the LRSM framework another possibility is to look for the additional resonance of the postulated
new right-handed gauge boson WR: As they couple directly to right-handed neutrinos the interac-
tion probability should be enhanced if the mass of WR is achieved in the center-of-mass energy. This
interaction is presented in figure 4, and is similar to the minimal extension diagram with the excep-
tion that an on-shell heavy WR initializes the interaction. By taking the invariant mass of the end
products of the 2µ2jet process a resonance peak of the new boson should thus be observed together
with an increased number of lepton number violating interactions [12].
The reconstruction of a heavy neutrino mass is possible by calculating the invariant mass of the final
state jets with the last muon. How to identify the correct muon of the two present in the final state
depends on the different frameworks. The most simple case would be in the LRSM: If the heavy
neutrino is light relative to m(WR) the kinetic energy of the WR decay should be giving a large
momentum to the first muon, compared to the second muon whose origin from the lighter neutrino
should result in a lower momentum. The muon with the highest transverse momentum (the leading
muon) would then be expected to be the decay product of the WR as it has more energy available
than the muon from the lighter NR. The invariant mass of the subleading muon and the jets should
thus show a resonance peak at the NR mass. In the case where the neutrino is close to or larger than
the WR mass the kinetic energy of the first decay should be small compared to the heavy neutrino
decay, and the neutrino mass should therefore be given by the invariant mass of the leading muon
and the jets. Outside the LRSM framework the analysis is not as simple: As the first muon is the
result of an off-shell W the heavy neutrino mass and the total center-of-mass energy both affect the
distribution of muon momenta. Such an analysis is beyond the scope of this thesis.
The most general detector signal would in the above cases be an excess of same-sign muons detected
compared to Standard Model expectation. While an observed excess would not automatically imply
the neutrino to be a Majorana particle, it would confirm that there is some kind of mechanism
not present in the current Standard Model resulting in lepton number violation. It would be a
direct indication of a Majorana process if the signal persisted after selecting for events with few or
no neutrinos. If the same-sign dimuon events were to be more prevalent above a certain energy
threshold this would indicate the presence of a heavy Majorana neutrino. The LHC is currently
in the process of increasing its center-of-mass energy to probe for such effects. Other more direct
approaches would include finding distinct resonance peaks of either a heavy neutrino or a WR
6The notation q+ q¯ will be used for a quark anti-quark pair, with their flavor given by the context. In the case of weak
interaction they would be of different flavor, which is the most common case in this thesis.
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accompanied by an increased same-sign dilepton signal, as that would imply not only a new particle
but its direct involvement in lepton number violating processes.
Figure 3: Majorana interaction diagram resulting in a final state with two muons and two quarks.
Figure 4: Interaction diagram of 2µ2jet-event in the LRSM framework.
2.2.1 The 2µ2jet-channel
While the Majorana interaction discussed above in principle applies to all flavors of leptons, the
dimuon channel has many experimental advantages. Muons are easily identified as they are detected
in all the stages of the ATLAS detector, and this robust detection system makes them less prone to be
fakes. In comparison electrons are much harder to correctly assign a charge as its momentum and
curvature is only measured once. Other problems include identifying the correct electron energy
due to Bremsstrahlung, and the fact that jets can be mistaken for electrons in the EM calorimeter.
While an electron analysis might yield more total events a more rigorous treatment of the possible
event noise must be made. An analysis using dimuon events gives a cleaner signal, an important
factor especially when both the number and charge of the involved particles is of importance.
While the final state includes two quarks, the number of observed jets can vary: Secondary jets
can always arise due to gluon radiation, while if the interaction energy is low the resulting quarks
might be collimated and appear as a single jet. However, looking for only two jets in the final
state has certain advantages. Assuming the neutrino mass to be high there should be at least two
high-momentum (hard) jets present, and if there are only two jets that share the energy they should
be easier to identify than if three or more jets were the final result. The jet identification part is
especially important considering the large number of low energy QCD jets always present in pp
collisions. As such, only events with two hard jets should be selected, the drawback again being
a lower number of total events. The selection of only two jets is thus comparable to the higher
precision but lower statistics of the dimuon channel over other dilepton choices.
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The neutrino does not have to decay into quarks with another possible interaction being
q+ q¯ W
±−→ µ± + NR W
±−→ 2µ± + µ∓ + ν.
Using this channel is problematic: The third muon and the additional missing transverse energy of
the neutrino makes it more difficult to identify the event as lepton number violating. The channel
would also be influenced by background from the Standard Model diboson interaction
W± + Z → 2µ± + µ∓ + ν.
As the final states of both interactions are identical the noise from the diboson interaction cannot
be suppressed by selection rules, limiting the usefulness of the 2µ±µ∓ν-channel. For the 2µ2jets-
channel, the jets from the quarks in the final state are also valuable as they can be used to correctly
calculate the invariant mass of any observed resonance particle. This is harder if the missing trans-
verse energy of a final state neutrino is to be taken into account.
2.3 Standard Model background and selection criteria
2.3.1 Weak boson processes7
The main Standard Model processes giving rise to background in the same-sign dimuon channels
are production of the dibosons ZW and ZZ. The interactions are
q+ q¯→ Z+W± → 2µ± + µ∓ + νµ,
q+ q¯→ Z+ Z → 2µ± + 2µ∓,
with possible leading order diagrams presented in figure 5. While none of the diboson final states
are identical to the 2µ2jet state these Standard Model interactions are those that can give rise to high
energy same-sign dimuon signals similar to what can be expected from the decay of a heavy neu-
trino. This combined with the fact that there are always ambient jets present from the pp collisions
contribute to the expected background.
The most straightforward way to suppress the ZW and ZZ background is to impose hard vetos
against any lepton combination other than same-sign dimuons as the diboson channels will invari-
ably contain additional leptons in their final states. By requiring exactly two well-defined same-sign
muons in the final state many ZW and ZZ background events should be cut with the exception of
those where the detector makes an identification error. Also, as neither process gives rise to any
hard jets, a veto of any event without two hard jets suppress them further.
Another process contributing to the background is the WWjj diboson interaction
q+ q→ 2W± + q+ q→ 2µ± + 2νµ + q+ q,
with a possible first order diagram presented in figure 6. The process has a lower cross section
than the previously mentioned diboson processes due to it being a higher order weak interaction,
as can be seen by the number of weak interaction vertices. Two quarks are present in the final
state, giving rise to two jets (jj). The WWjj background results in a very similar final state to the
2µ2jet-channel, with neither a lepton nor a jet veto able suppress it. The interaction can however be
identified by the increased amount of missing transverse energy that the two final state neutrinos
7For a similar but more complete discussion of Standard Model background with a final state of same sign leptons and
jets, see for example Ref. [11].
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Figure 5: Leading order interaction diagrams of ZW (top) and ZZ (bottom) background.
supply. A selection criterion for low missing transverse energy events is therefore in theory sound
as it would reduce both the WWjj and the ZW background while not affecting relevant lepton
number violating 2µ2jet-events. However, as all events have some missing transverse energy due to
instrumental imperfections a low missing transverse energy cut will not only remove events with
final state neutrinos. It would also reduce the total number of events of any kind. Whether or not a
cut on missing transverse energy leads to a gain in significance is therefore not certain, and must be
investigated.
Figure 6: Leading order interaction diagram of WWjj background.
A set of processes capable of producing a same-sign dimuon signal and jets is tt¯ production with an
associated weak boson.
q+ q¯→W± + t+ t¯→ b+ b¯+ 2µ± + 2ν+ q+ q¯
q+ q¯→ Z+ t+ t¯→ b+ b¯+ 2µ± + µ∓ + ν+ q+ q¯
with the interaction diagram of tt¯W shown in figure 7. As with the WWjj background, the tt¯
processes could be suppressed by a cut on missing transverse energy due to the neutrinos. The fact
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that the final state is expected to have up to four hard jets makes a veto of any event without exactly
two jets further suppresses them. However, being a high order weak interaction means that the
processes have a small cross section, and it was expected that WZ, ZZ and WWjj would dominate
the background. Due to not having access to all simulation data sets the tt¯ background and other
low cross-section SM processes were not included in this analysis.
Figure 7: Leading order tt¯W± interaction diagram.
While a hard veto of electrons in the final state might be justified by the fact that none are expected
to be seen in the 2µ2jet final state, use of that particular cut is questionable. Electrons are often
produced as by-products of jets or other ambient EM interactions, and low energy jets absorbed by
the EM calorimeters can be misidentified. A hard electron veto could thus result in legitimate events
being cut due to the presence of an ambient electron. The only Standard Model processes giving
a 2µ2jet+ e± final state are higher order EM interaction with a similar probability to happen both
for the signal events and for the background. A veto on electrons thus risks reducing the overall
statistics without improving the signal to background ratio. A similar reasoning applies to tauons,
but due to their rarity any tauon effects should be significantly more limited.
2.3.2 Muon fakes and QCD background
The above-mentioned processes are expected to give rise to so-called prompt muons, meaning
muons originating from short-lived particles. They are characterized by high energy and momen-
tum and by being incident from the primary interaction point. As seen above, the possible Standard
Model interactions that give rise to prompt same-sign dimuons are limited and they generally have
small cross sections. There are, however, many different processes that yield non-prompt muons,
often referred to as fakes, and they arise in tandem with QCD processes. A characteristic of pp
collisions is the large number of final state quarks observed as jets, inherent in the process due to
the large number of initial state quarks that might not take part in a primary interaction. Non-
prompt muons can arise due to pi- or K-meson decay in flight or weak decays of b- and c-quarks
emitting muons. There is also a possibility that a particularly energetic jet reaches the muon detec-
tors and gets reconstructed as a muon. These fake signals can then be combined with for example
a single weak boson interaction giving a prompt muon, resulting in an incorrectly identified 2µ2jet
final state. QCD processes will also self-evidently give rise to many jets that might drown out the
expected jets from the primary interaction.
Fakes can be suppressed in a number of different ways. A useful selection criterion is requiring the
event particles to be hard, meaning they have high transverse momentum: It is expected that the
high mass of the particles in a 2µ2jet-event will result in the final state muons having high energy
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and momentum, at least compared to non-prompt muons resulting from low energy ambient QCD
processes. Similarly, background jets generally have much lower energy than the hard jets from
the primary interaction. Isolation of the muons is also important and is done by requiring that the
energy deposited in the calorimeters in proximity to the muon is low. In the case where the muon
was created in association with a jet both should deposit their energy at the same location in the
calorimeter. Fakes can therefore be identified if too much energy was deposited in the calorimeter
close to the detected muons path. As before, vetos on the number of muons and on missing trans-
verse energy from created neutrinos should remove some of the events. However, as in the case of
the WWjj background, it is not possible to suppress the QCD background without simultaneously
suppressing the signal. It can be expected that a missing transverse energy cut will be less effective
as neutrinos from ambient processes carry less energy.
An estimate of the fakes background is complex as it is a combination of many different processes,
and a complete treatment is beyond the scope of this thesis.
3 Method
The selection and manipulation of the data is carried out using ROOT, a C++ analysis framework
commonly used in particle physics due to its proficiency in handling large amounts of data and its
visualization packages for histogram creation [13]. Scripts were written to select those events of the
data that matched the chosen selection criteria. The analysis code can be downloaded at Ref. [14],
and a table describing the purpose of the different files is presented in appendix A.
As discussed in section 2.2 the general method for finding new elementary particles is to use the
particle collisions data to look for discrepancies with respect to the expected result. To this end MC
simulation is used: A large number of the relevant background events are generated, and the known
cross sections of the background processes are used to normalize the simulation to the integrated
luminosity. The resulting events are then selected based on the same criteria as the observed data. A
comparison between data and the expected background should then conclude whether the observed
events correspond to the Standard Model expectation. The simulation software used to to generate
the Standard Model background was Sherpa and Madgraph, and the LRSM simulation data was
generated by Pythia [15, 16, 17, 18]. The Feynman diagrams in this thesis were created using the
free software Jaxodraw [19].
The data sets are of the D3PDNtuple type, and the event variables used for the different physical
quantities is presented in appendix B. The full list of available D3PDNtuple variables is found in
Ref. [20].
3.1 Evaluation of the result
A correct method for handling the Standard Model background is vital for a relevant analysis.
While initially the ambition was to include correct background simulation data it became clear that
it would not be possible to acquire all relevant simulation data sets nor correctly normalize them.
The same applied to the estimation of the background from fakes, which in general is a complicated
process beyond the scope of a Bachelor thesis. The unfortunate implications of this was to render the
result essentially void from a quantitative perspective: No statement of whether there is an excess
of same-sign dimuon events or 2µ2jet-events can be made if no reliable comparison to an expected
number of events is possible.
Because of this, the focus of this thesis is more qualitative. Statements regarding whether or not the
distributions of observed events is reasonable can be made, and any unexpected resonance peaks
would still imply that a more rigorous analysis of the invariant mass region might be fruitful. The
evaluation of the used method, including whether or not the scripts and the data manipulation work
16
3.2 Used channels and selection criteria 3 METHOD
as intended, can also be deemed a relevant result as it sets up for further research on the same topic.
In this light the analysis of the LRSM simulation files is of particular interest: If the analysis method
finds a clear signal from the simulation data the same method should be equally successful using
real data if the postulated LRSM particles do exist.
3.2 Used channels and selection criteria
3.2.1 2µ2jet-channel
As a sensitive channel for both indications of Majorana neutrinos and heavy LRSM W-bosons the
2µ2jet-channel is used. Events is selected from the ATLAS data set and the MC data sets based on
the selection criteria presented in table 1. The criteria are chosen based on the discussion in section
2.3.
Particle selection Two same-sign muons and two jets are required based on the expected final state.
The veto against events without exactly two muons is general in the sense that events including
additional muons not passing the kinematics cuts are still excluded. In the case of jets this is not
possible as all events would be excluded based on the fact that there are always some ambient jets
present. Instead events with exactly two hard jets are included, while the presence of softer jets is
ignored.
The tight selection criteria is a collection of rules designed to only select well-identified leptons. It
is used to reduce the number of non-promt muons from the fake background. The tight criterion is
binary, with a muon either passing (µtight = 1) or not (µtight = 0). For a formal definition of the tight
selection criteria, see Ref. [21].
Kinematics A cut on the minimum transverse momentum of all muons and jets at 20 GeV is made
to select only hard muons and jets. This suppresses the QCD and fake background. The limit is
chosen due to it being common in other similar analyses [11, 12].
The pseudorapidity η8 is a measure of the angle of the observed particles relative the beam direction,
and the detector systems does not cover the full angle. η of the jets is limited to | ηjet |≤ 4.9 due to the
coverage of the hadronic calorimeter. The pseudorapidity of the muons is limited to| ηµ |≤ 2.5 due
to the coverage of the inner tracking detector. The muon detectors covers the slighter larger η = ±2.7
range, but to ensure precise identification the lowest common denominator of both tracking detector
systems is chosen [4].
Isolation The isolation criteria used are based on the ETcone30 and PTcone30 parameters, which
measure the energy and the transverse momentum of the observed particle in a cone around its path.
In the case of a distinct and isolated muon these parameters should be small. A muon overlapping
with a jet would in contrast have large ETcone30 and PTcone30 parameters, and by requiring isolation
muon fakes associated with QCD background can be suppressed. The cuts depend on the total
transverse momentum and energy of the muon itself as the cone parameters increase with increased
muon energy even if the muon is isolated. The particular form of the cuts is taken from Ref. [22].
Energy and invariant mass cuts A missing transverse energy cut at 40 GeV is chosen, again due
to similarities with other analyses. The cuts on invariant mass are chosen as no signal is expected at
small invariant mass.
8Defined as η = − ln
(
tan( θ2 )
)
, where θ is the angle between the particle and the positive beam direction.
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Table 1: Selection criteria for 2µ2jet-events.
Selection criteria Motivation
Particle selection
Nµ = 2 Exactly two muons present in the final state.
Q(µ1) = Q(µ2) Muons should have the same charge.
µtight = 1 Correctly identified prompt muons.
Njet,hard = 2 Exactly two hard jets present in the final state.
Kinematics
PT(µ) > 20 GeV High PT muons from the decay of heavy particles.
PT(jet) > 20 GeV High PT jets from the decay of heavy particles.
| ηµ |≤ 2.5 Limited detector coverage.
| ηjet |≤ 4.9 Limited detector coverage.
Isolation
PTcone30(µ)
PT(µ)
< 0.07 GeV Low cone momentum for isolated muons.
ETcone30(µ) < (3.5+ (PT(µ)− 20) · 0.06) GeV Low cone energy for isolated muons.
Energy and invariant mass
EmissT < 40 GeV Low missing transverse energy for neutrino background.
m(2µ) > 40 Gev High dimuon invariant mass.
m(2µ2jet) > 100 GeV High total invariant mass.
3.2.2 Same-sign dimuon channel
For a general search for an indication of the particle nature of the neutrino a more inclusive selection
of same-sign dimuon events is used. A greater number of observed events than expected from
Standard Model background would indicate a new and possibly lepton number violating process,
which could include Majorana neutrinos. The events were selected based on the selection criteria
presented in table 2. These criteria is a less strict subset of the 2µ2jet selection and are expected to
give a greater number of observed events at a lower invariant mass range.
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Table 2: Selection criteria for same-sign dimuon events.
Selection criteria Motivation
Particle selection
Nµ = 2 Exactly two muons present in the final state.
Q(µ1) = Q(µ2) Muons should have the same charge.
µtight = 1 Correctly identified prompt muons.
Kinematics
PT(µ) > 20 GeV High PT muons from decays of heavy particles.
| ηµ |≤ 2.5 Limited detector coverage.
Isolation
PTcone30(µ)
PT(µ)
< 0.07 GeV Low cone momentum for isolated muons.
ETcone30(µ) < (3.5+ (PT(µ)− 20) · 0.06) GeV Low cone energy for isolated muons.
3.3 LRSM simulations
The LRSM simulations are primarily used for the 2µ2jet analysis to give an example of the expected
signal if any LRSM particles existed. The role of theoretical predictions when searching for new
particles is important. While a discrepancy between the data and Standard Model prediction would
indicate new physics, models provide an indication of how the signal of a new particle actually
would look and where to search. The LRSM simulations are expected to result in different signals
based on the different mass of the simulated neutrino. An important test of the analysis method is
to see if the resonances of the simulated LRSM particles can be found, as that would indicate that
similar signals could be observed in the data if any such particles indeed existed.
3.4 Statistical errors
The uncertainty shown in the result tables are calculated assuming that the number of event adheres
to a Poisson probability distribution. The stated errors correspond to one standard deviation with
σ =
√
n. With an observed number of events of N = 4 the number of events expected in a repeated
experiment would thus be Nexpected = [n−
√
n, n+
√
n] = 4± 2 within one standard deviation.
While there cannot exist any fractions of an event, implied by for example n = 2± 1.4, the stated un-
certainty should be interpreted as a probabilistic statement of how certain one can be of the number
of observed events in a bin. While in general the uncertainty of the background is equally important
to show, the low amount of background events and the small uncertainty intervals prompted their
statistical uncertainty to be shown only in the result tables.
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4 Data sets
4.1 ATLAS data
The raw data set used for the analysis is a subset (period L) of the pp collision data collected by
the ATLAS detector in 2012, with an integrated luminosity of
´
L dt = 0.84 fb−1 at a center-of-mass
energy of
√
s = 8 TeV. The analysis data was selected from this data set based on the STACO muon
identification algorithm. The full data set was chosen to contain only events with at least one tight
muon present with high transverse momentum (≥ 15 GeV). The data set was provided and prepared
by PhD-student Anthony Hawkins at the division of particle physics at Lund University.
The invariant mass spectrum of two muons with opposite charge, but otherwise using the same
selection criteria as the same-sign dimuon channel, is presented in figure 8. The m(Z0) = 91 GeV
resonance peak is clearly visible, and structure can also be seen at m(Υ) = 9.5 GeV.
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Figure 8: Invariant mass spectrum of dimuons with opposite charge.
4.2 Monte Carlo simulations
As discussed in section 2.3, the primary Standard Model processes expected to contribute to the
background are the diboson processes WZ, ZZ and WWjj as they give rise to prompt same-sign
dimuon signals. ATLAS background data sets generated by MC simulation are used to estimate this
background. The number of generated events NMC and the SM cross section σMC of the correspond-
ing process is presented in table 3. The same selection criteria as for the observed data are applied to
the MC data sets, and the result is then normalized to the integrated luminosity. The normalization
constant C which is used to scale the simulated events is calculated according to
C =
ˆ
L dt · σMC
NMC
.
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Table 3: Standard Model MC simulation data sets.
Process Generator NMC σMC [pb]
WWjj Madgraph 10000 0.344
ZZ → ```` Sherpa 5053649 9.70
ZW → ```ν Sherpa 3048105 10.3
4.3 LRSM simulations
Two simulated ATLAS data sets assuming LRSM to be true were used to simulate possible LRSM
particle signals. The simulated interaction was
q+ q¯
WR−→ `+ NR
W∗R−→ `+ `+ q+ q¯,
a more general case than the interaction presented earlier in figure 4. The data sets are presented in
table 4, together with the mass of the postulated particles.
Table 4: LRSM MC simulation data sets.
LRSM model m(NR) [GeV] m(WR) [GeV] Generator NLRSM σLRSM [pb]
LRSM425 425 1700 PYTHIA8 9000 0.1506
LRSM1600 1600 1700 PYTHIA8 9000 0.004128
5 Result
5.1 2µ2jet-events in the LRSM framework
To evaluate the effect of the missing transverse energy cut EmissT < 40 GeV of the 2µ2jet event
selection rules, two results are presented below. The first result was obtained without imposing any
cuts in missing transverse energy. The second result uses the full set of selection rules as presented
in table 1. The signal is compared to the expected background, with the addition of a LRSM sample
to show how the expected signal would look if that particular model was true. Only the LRSM425
is included in the plots due to the fact that the low cross section of LRSM1600 made its signal barley
noticeable.
5.1.1 No missing transverse energy cut
The invariant mass of the observed events and the expected Standard Model background is pre-
sented in figure 9. The total number of events of each process is presented in table 5.
21
5.1 2µ2jet-events in the LRSM framework 5 RESULT
2jet) [GeV]µm(2
200 400 600 800 1000 1200 1400 1600 1800 2000
Ev
en
ts
 / 
10
0 
G
eV
0
1
2
3
4
5
6
7
8
2jet (no missing energy cut)µInvariant mass of 2
Data 2012
WWjj
ZZ
ZW
LRSM425
-1L dt = 0.84 fb∫ = 8 TeV, s
Figure 9: 2µ2jet-events and background. No missing transverse energy cut.
Table 5: Observed 2µ2jet-events and predicted background by MC simulation. No cut on missing
transverse energy has been imposed.
Process Number of 2µ2jet-events
WWjj 0.43± 0.11
ZZ → ```` 0.18± 0.02
ZW → ```ν 2.04± 0.08
LRSM425 1.86± 0.16
LRSM1600 0.24± 0.03
LRSM425 signal 4.51± 0.21
LRSM1600 signal 2.89± 0.14
Standard Model background 2.65± 0.14
Data 2012 8± 2.8
5.1.2 Full selection
The observed events and the expected Standard Model background is presented in figure 10. The
invariant mass of the leading muon and two jets and the invariant mass of the subleading muon and
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two jets is presented in figure 11. The total number of events of each process is presented in table 6.
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Figure 10: 2µ2jet-events and background.
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Figure 11: Invariant mass of the leading (a) and subleading (b) µ+ 2jet.
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Table 6: Observed 2µ2jet-events and predicted events by MC simulation.
Process Number of 2µ2jet-events
WWjj 0.03± 0.03
ZZ → ```` 0.13± 0.01
ZW → ```ν 0.83± 0.05
LRSM425 0.76± 0.10
LRSM1600 0.11± 0.02
LRSM425 signal 1.75± 0.12
LRSM1600 signal 1.10± 0.06
Standard Model background 0.99± 0.06
Data 2012 1± 1
The single 2µ2jet-event that was observed had an invariant mass of m(2µ2jet) = 165.6 GeV, with
the leading and subleading muon having transverse momenta of P1T = 26.7 GeV and P
2
T = 21.4GeV
respectively.
5.2 LRSM simulations
5.2.1 LRSM425
The invariant mass of the expected 2µ2jet signal from the simulated LRSM425 data set is presented
in figure 12, both with and without the missing transverse energy cut. The invariant mass of the
leading muon and two jets and the invariant mass of the subleading muon and two jets is presented
in figure 13.
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Figure 12: Invariant mass of 2µ2jet with no missing transverse energy cut (a) and full selection (b)
using the LRSM425 data set.
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Figure 13: Invariant mass of leading (a) and subleading (b) µ+ 2jet using the LRSM425 data set.
5.2.2 LRSM1600
The invariant mass of the expected 2µ2jet signal from the simulated LRSM1600 data set is presented
in figure 14, both with and without the missing transverse energy cut. The invariant mass of the
leading muon and two jets and the invariant mass of the subleading muon and two jets is presented
in figure 15.
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Figure 14: Invariant mass of 2µ2jet with no missing transverse energy cut (a) and full selection (b)
using the LRSM1600 data set.
2jet) [GeV]
lead
µm(200 400 600 800 1000 1200 1400 1600 1800 2000
Ev
en
ts
 / 
50
 G
eV
0
0.01
0.02
0.03
0.04
0.05
0.06
 + 2jetµLRSM1600 invariant mass of leading 
(a)
2jet) [GeV]
sub
µm(200 400 600 800 1000 1200 1400 1600 1800 2000
Ev
en
ts
 / 
50
 G
eV
0
0.01
0.02
0.03
0.04
0.05
0.06
 + 2jetµLRSM1600 invariant mass of subleading 
(b)
Figure 15: Invariant mass of leading (a) and subleading (b) µ+ 2jet using the LRSM1600 data set.
5.3 Same-sign dimuon events
The observed events and the expected Standard Model background of same-sign dimuon events
using the selection criteria presented in section 2 is presented in figure 16. The total number of
events of each process is presented in table 7. The total number of events with m(2µ) ≥ 200 GeV is
presented in table 8, and is relevant as the omitted fakes background is expected be small in that
region.
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Figure 16: Same-sign dimuon events and SM background.
Table 7: Observed same-sign dimuon events and predicted events by MC simulation.
Process Number of same-sign dimuon events
WWjj 1.50± 0.21
ZZ → ```` 1.69± 0.05
ZW → ```ν 12.48± 0.19
Standard Model background 15.67± 0.29
Data 2012 44± 6.6
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Table 8: Observed same-sign dimuon events and predicted events by MC simulation with m(2µ) ≥
200 GeV.
Process Number of same-sign dimuon events
WWjj 0.38± 0.10
ZZ → ```` 0.05± 0.01
ZW → ```ν 1.05± 0.05
Standard Model background 1.48± 0.11
Data 2012 5± 2.2
6 Discussion
6.1 2µ2jet-events in the LRSM framework
The observed number of 2µ2jet-events is 1, and the expected number from Standard Model MC
simulations is 0.99 ± 0.06. While it might be tempting to conclude that the data corresponds to
Standard Model predictions, several shortcomings of this analysis need to be addressed. Strict
selection rules are used in this analysis to select the 2µ2jet-events as accurately as possible, a method
that has both advantages and problems. The method was chosen to give a precise selection, which
was made possible by the fact that the process results in a very specific final state. This would in
theory result in a favorable signal to background ratio if indeed a new physics signal is present.
However, for low cross section processes and a small data set the small overall statistics that strict
selection rules risk inducing can result in problems as seen in this case: The single observed event
implies an error of σ = ±1, and while it agrees with the SM background it also does not exclude
the LRSM425 model predicting 1.75 events. The uncertainty in the data makes it hard to draw any
conclusions even if the background analysis would have been perfect. The large probability that
zero events would have been seen, a case that would enable no conclusions to be drawn except
that 2µ2jet is a rare event, exemplifies that point. The low cross section of the LRSM processes also
makes it unlikely to observe a single LRSM event with the amount of data used in this study, a
problem when resonance peaks of new particles are expected. The explanation to why the data and
the background agree is most likely that both will converge to zero for small amounts of data and
strict selection rules.
It is clear that to get enough statistics for an unambiguous result more data is needed. Selection
rules allowing more than two jets could be used, as the 2µ2jet final state in principle can give rise
to more than two jets due to gluon radiation. A correct final state with an additional hard jet from
QCD processes would also not be sorted out. A more liberal jet number selection would however
imply higher SM background, especially for processes having quarks in their final states.
Including electrons would give a boost of observed events as then same-sign dileptons can be con-
sidered. The result would however be considerably less precise than the pure muon channel, a point
discussed in section 2.2.1. Other methods include lowering the cutoff values of the momentum,
energy and isolation criteria, resulting in more total events but also less suppression of the back-
ground. The easiest solution for this study would have been to include the whole 2012 ATLAS data
set (
´
L dt = 20.3 fb−1) and not just period L, as that would increase the raw number of collision
events by an order of magnitude. Generally it seems that the amount of data and the cross section
of the processes should be considered before the selection rules are chosen to ensure a relevant sta-
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tistical outcome. Even if strict selection rules accurately pinpoint a certain process, this thesis would
have benefited from higher event statistics.
As already discussed in section 3.1, the method used for estimating the background is known to
be flawed with important processes missing. This can be clearly seen when the missing transverse
energy cut is not used: The observed 8 events are well above the predicted 2.65 even when taking
statistical errors into account. There is no reason not to attribute this to missing background data
sets and fake estimation. The dominant SM background based on cross section was included, and
the missing MC data sets should therefore not add many events to the background. The effect of
missing a fakes estimate is however harder to judge. Based on the result presented in table 11.1 of
Ref. [11], an analysis with similar final state and selection rules, the QCD background is of a similar
size as the WZ channel when using full selection rules. The effect of ignoring this background is
therefore probably large, and this further puts doubt on the full selection analysis showing a match
between the data and the background.
These problems notwithstanding, the observed events did have invariant masses in the same invari-
ant mass region as the SM background. While events at higher invariant mass would not have been
any significant result, it would still have been notable if something was seen in regions where no
background was expected. As it stands, the observed distributions can fully be explained by SM
processes. It is therefore probable that this study conforms to the result found by the similar CMS
study at
√
s = 8 TeV, where no indication of LRSM Majorana particles was found [23].
While there is a risk that the analysis scripts were flawed this is probably not the case: The script
reproduced the known m(µ±µ∓) spectrum from the data (figure 8) and also identified the correct
resonances for the simulated LRSM data sets. As the result can be explained by other systematic
errors the programs should be considered as having worked as intended. A test of the selection
rules on a ZZ → `±`∓νν simulation data set was also conducted, and the resulting zero events in
all same-sign dimuon channels shows that the muon selection process was functioning as expected.
6.1.1 Evaluation of missing transverse energy cut
The use of the missing transverse energy cut can be seen to have had a significant effect on the
total number of observed events, reducing them from 8 to 1. A similar effect can be seen on the
MC simulations, with the largest effect seen on WWjj background (compare table 5 with table 6).
These effects are expected and discussed in section 2.3, with both the drawbacks and benefits being
visible from the result. The lower observed event statistics is problematic, especially in studies
expecting a low total event count such as this. The single event left after all selection rules were
applied cannot be used to draw any reliable conclusion: As stated earlier the number of observed
events and the MC background will always converge to zero with an increased number of selection
criteria. However, the missing transverse energy cut does seem to significantly suppress the WWjj
background (0.43 → 0.03 events) cutting its share of the total background events (15% → 3%).
This confirms that the missing transverse energy cut successfully suppresses processes giving rise
to many final state neutrinos, and the basic argument for using the missing transverse energy cut
therefore holds. The conclusion should be that a missing transverse energy cut is indeed useful for
this kind of analysis, but care must be taken that the number of selection rules still give enough
statistics for a significant result.
6.1.2 LRSM simulations
An inspection of the LRSM simulation figures confirms the theoretical discussion in section 2.2. For
the 2µ2jet-selection the expected resonance peak at m(WR) = 1700 GeV is clearly visible for both
LRSM data sets. This confirms that the selection rules used correctly select 2µ2jet-events. The same
conclusion applies to the resonance peaks at m(NR,425) = 425 GeV and m(NR,1600) = 1600 GeV, with
the addition of the choice of muon used to reconstruct the neutrino mass being important. It was
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hypothesized that for m(NR) < m(WR) the correct choice would be the subleading muon, which
is confirmed by figure 13b where a peak at m(µlead2jet) ≈ 425 GeV can be seen. For the case of
m(NR) & m(WR) the leading muon was thought to be a better candidate for reconstruction, which
again is confirmed by figure 15a in the LRSM1600 case. It is interesting to note that m(NR,1600) is
slightly lighter than m(WR) but still gives a very clear resonance peak. An analysis of the kinematics
of the different mass relations should in principle be of value, but using both muons as a source for
the invariant mass calculations guarantees that no resonance peak is overlooked.
The missing transverse energy cut reduces the total number of events but still leaves visible reso-
nance peaks for both data sets. While the events are more focused at the m(WR) resonance in the
LRSM1600 data no such effect can be seen for the LRSM425 data set. While no statement thus can be
made concerning any increase in precision, the ability to observe LRSM resonances seems unaffected
by a missing transverse energy cut. With enough integrated luminosity the decrease of the signal
should be manageable. As the cut did seem to have a positive impact on the background while not
heavily suppressing a new physics signal it further confirms its value for the analysis.
The signal generated by the LRSM425 model was comparable to the Standard Model background,
and given more integrated luminosity the resonance peaks corresponding to NR and WR should be
readily observable if they exist. The low cross section and small signal of the LRSM1600 sample
would however make it difficult to observe at
√
s = 8 TeV even if the integrated luminosity was
increased. This exemplifies the need to increase the center-of-mass energy of LHC further as it is
needed to reliably probe models of higher mass LRSM particles.
While only two LRSM data sets were used as examples for this study, a real analysis would in-
clude simulations of the whole range of m(NR) and m(WR) masses and compare them all to the
distributions of the observed events. More quantitative methods to compare distributions would
then be preferable to simple inspection. One possibility would be using the two-sample Kol-
mogorov–Smirnov test for each LRSM distribution compared to the observed event distribution.
6.1.3 Standard Model background
The ZZ background is overall small, especially at higher energies. It was expected that the lepton
vetos would severely suppress it, but its lack of final state neutrinos did make it the background
least affected by the addition of a missing transverse energy cut. That its background is seen at low
invariant mass implies that it is one of the less important background channels when considering
new physics at higher invariant mass.
The ZW background is the most dominant of all the Standard Model processes by some margin.
This can be explained by its relatively large cross section and the fact that only one of the final state
muons needs to be misidentified for the lepton veto not to apply. While the missing transverse
energy cut did suppress it slightly, as could be expected from the single final state neutrino, it is still
dominant in the full selection analysis. A potential way to decrease its influence would be to impose
stricter kinematics requirements on the jets, as the process in itself does not produce any hard jets.
For any such cuts an analysis of the kinematics of the 2µ2jet interaction should be done to know the
expected energy of the produced jets: A simple increase of the required jet momentum cut would
again result in a overall decrease in statistics without a guaranteed increase in significance.
The WWjj background showed properties not seen for the other diboson interactions: While not as
dominant as ZW it was still important despite having a cross section two magnitudes smaller than
the other processes. It was also more pronounced at higher energies where new physics signals are
expected to be seen, making it an important background to handle correctly. From that perspective
the small original WWjj sample of only 10000 simulated events was unfortunate as it made the
statistical uncertainty of the process large. This was especially evident in the full selection 2µ2jet-
channel where only 1 unnormalized WWjj-events were selected. While it seems the missing energy
cut was very effective in suppressing it, the uncertainty makes it difficult to predict if this result will
be consistent when using a larger simulation sample.
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A potential way to reduce the influence of misassigned muon charges would be to construct the
invariant mass of each muon pair and compare it to m(Z0) = 91GeV. At those energies the spectrum
of same-sign muons should not show any structure at m(Z0) as the Z-boson decay gives rise to
opposite-charge muons. If however a peak is still seen it is a clear sign that some muon charges
are misidentified. Such a test would therefore make it possible to confirm the accuracy of the muon
charge identification method, and if any flaws are seen this effect could be compensated for.
Even if all the relevant background data sets are acquired and an QCD background estimate done,
there will always be some differences between the data set and the simulations based on unknown
factors. These scale factors must in principle be calculated for the background to be correctly nor-
malized. No acceptable method to do this was found, but the fact that many simulation data files
were missing made such a calculation redundant in any case.
6.2 Same-sign dimuon events
As can be seen from table 7, the same result as for the 2µ2jet-events without any missing transverse
energy cut applies. The number of observed events is significantly greater than the expected back-
ground, and this should be primarily attributed to the missing QCD and fake background estimate.
The effect of this should be hinted at when comparing the low-mass and high-mass background,
as the missing fake estimate should give primarily low-mass events. However, the discrepancy be-
tween the data and the background is consistent in the higher energy region, with both signal and
background approximately ten times smaller. While the signal is only two standard deviations off
the background in the high-mass as compared two five standards deviations in the low-mass region,
that effect can be attributed to the increased uncertainty in a smaller signal.
In any case, no conclusion regarding an excess of lepton number violating interactions can be drawn.
It can however be noted that the observed events follow the general shape of the background dis-
tribution, and this again indicates that the observed distribution of same-sign dimuon events can be
explained fully by SM processes. For example, no increase of events after a certain energy threshold
can be seen, something expected for an existing heavy Majorana neutrino. The low number of selec-
tion rules used for this analysis does make it more important to correctly handle the background, as
it cannot be expected to be suppressed to the same extent as in the 2µ2jet channel. As no resonance
peaks are expected and the result only consists of the number of excess events, a failed background
analysis can easily give rise to an erroneous conclusion. The channel does have the unique advan-
tage of being sensitive to all models of Majorana neutrinos, as lepton number violation is an integral
part of any Majorana theory. Any further study should therefore include the same-sign dimuon
channel if for no other reason than as a reference region. If for example a new resonance particle is
found in tandem with an excess of same-sign dimuons, a connection to Majorana neutrinos can be
made regardless of the theoretical model used for predictions.
6.3 Further studies
As discussed above, the major flaws of this study consisted of a limited data set and an insufficient
background analysis. These problems are in principle possible to overcome: Using the whole 2012
ATLAS data set would give an order of magnitude more events than only period L, and the missing
simulation files and methods for estimating the fakes background exist. While time consuming and
difficult in practice, an extension of the background analysis should be able to give actual results
using the framework this thesis provides. The basic method and the used scrips were sufficient to
both reproduce known invariant mass spectra of the data and correctly find the LRSM resonances
of simulated data sets. Furthermore, the ongoing increase of the center-of-mass energy of the LHC
should be favorable for this kind of analysis as high mass LRSM particles are considered.
While this study kept to the invariant mass parameter of the events to search for resonances, the
ATLAS data set is rich in different variables that could be interesting to analyse. These include
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charge distribution of the dimuons and a more detailed approach to the missing transverse energy
cut. While a more rigorous treatment of what characteristics to expect from a Majorana event would
be required, utilizing more parameters would be useful to better be able to rule out Majorana neu-
trinos. In the same spirit, more and stricter selection rules can be added to better select the wanted
events. Muon creation close to the center of collisions is one candidate, as it would further reduce
the effect of cosmic muons or muons from QCD sources not part of the primary interaction. Another
candidate is overlap removal: When two particles overlap in the detector both get registered, and by
imposing a veto on overlapping particles fake muons overlapping with jets are removed. However,
as the selection criteria did work on the LRSM data sets there should be no need for a complete
overhaul of the used selection rules.
7 Conclusion
The observed event distributions does not contradict the results of other similar studies finding
no evidence for Majorana neutrinos at the current center-of-mass energies. However, no reliable
conclusion regarding the existence of Majorana neutrinos can be drawn from this study. This failure
can be attributed to a small integrated luminosity, the absence of several background data sets and
an insufficient background analysis.
While no quantitative result can be presented, the basic method and the used scripts worked as
intended and successfully found heavy Majorana neutrinos in simulated data sets. Further studies
using the framework this thesis provides should therefore be both possible and fruitful.
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Self-reflection
To start writing your Bachelor’s thesis is exciting, but also a bit scary. After years of learning
formulas by heart and doing exams you’re supposed to do produce something by yourself! But
how do you actually do this thing called science? I believe that the primary purpose of writing a
Bachelor’s thesis is to show that you’ve learned the answer to that question.
This paper is only the tip of the proverbial iceberg that is my thesis work: In regard to time spent I
feel more like a computer scientist than a physicist! To come from a casual background of Windows
and Matlab into the wilderness that is Linux, C++ and ROOT was a massive culture shock. Adjusting
to the thought process of a lower-level language was difficult: Too many hours were spent trying to
figure out how to multiply matrices and asking the rather philosophical question “What is a pointer,
really?”. The ROOT framework is also ripe with many interesting features that can make coding
very exciting indeed. It should be made clear that almost all time allotted to my thesis work was
spent failing at C++ syntax and googling error messages. While often an exceedingly frustrating
experience it was perhaps also the most rewarding, as these things tend to be. To start from scratch
and slowly build up a script that actually works has its high points: To find resonance particles from
a real data set by using code you have written yourself is something else than to simply read in a
textbook that they exist.
The drawback of this focus on (inefficient) programming was that the actual physics part of the
thesis became lacking. Not enough time was spent on the more theoretical aspects, nor was enough
scientific literature read to get a complete grasp of the field. However, one benefit of working in
more of a vacuum is the learning process of actually having to reinventing the wheel. Questions
like “What background processes are important?”, “What kind of results should I present?” and
“How should I select my selection rules?” could probably have been answered by more studying
of the existing literature. However, by thinking through it yourself you get to experience more
of the scientific process firsthand, even if the end result might be hurt. This was especially evident
regarding the selection rules: They were updated on almost a weekly basis as new ones were thought
up and old ones proved to be embarrassingly flawed. While it would have been possible (and, well,
probably superior) to simply copy an existing set of selection rules, I do think that going through
the process from the beginning helped with understanding how a real particle physics analysis is
done.
The fact that the aim of the thesis started out as somewhat optimistic should be addressed. Most of
the discussion in this paper brings up the fact that I failed to produce any quantitative results. When
I started the project the hope was to be able to present a real conclusion, but after a while it became
evident that it was unfeasible. I lacked the basic programming skills to make efficient progress, and
did not have the knowledge of Quantum Field Theory required to really understand the Majorana
neutrino theory. As such, a successful analysis was beyond me. While this was disheartening to
discover, it did put focus more on the learning than the outcome. With the goal out of reach, more
focus could be put on using the correct method: If no Majorana neutrinos could be found right now,
I could at least show that I’ll be able to find them eventually!
But there is no avoiding that this thesis failed from a scientific point of view. Even in the best of
all possible worlds it cannot be said that my work have given anyone more knowledge regarding
the particle nature of the neutrino. However, this thesis has given me something. I have learned to
find and read scientific articles, how to do basic coding in C++ and how to write a scientific paper. I
have proudly tried to do things my own way, and then humbly asked for help when they invariably
didn’t work. And I have understood what is required to conduct a good particle physics analysis,
and why I was unable to do it. And while this might not be much, at least it’s something.
Simon Arnling Bååth, October 12 - 2014
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A TABLE OF FILE NAMES OF THE ANALYSIS CODE
A Table of file names of the analysis code
The file names of the analysis code is presented in the table below. While many selection functions
were made, only those used for the final analysis is listed. Some code was written to be interpreted
directly by ROOTs input interface CINT, and in those cases this has been indicated. For a more de-
tailed description of the structure of the code the author can be contacted at simon.baath@gmail.com.
Purpose File name
Main analysis scrips
Data analysis script Samesign_muon_2jets.c
Simulated data analysis script simulation.c
Selection criteria functions
2µ2jet, full selection selector_dimuon2jet_misscut.h
2µ2jet, full selection for leading and subleading muon selector_muon2jet.h
2µ2jet, no missing transverse energy cut selector_dimuon2jet.h
Same-sign dimuon selection selector_dimuon_same.h
Opposite charge dimuon selection selector_dimuon_diff.h
Utility code
CINT histogram creation script histograms.c
Histogram merger function merge.h
Histogram legend creator legend.h
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B TABLE OF USED D3PDN VARIABLES
B Table of used D3PDN variables
Physical quantity D3PDNtuple variable
Muons
PT(µ) [MeV] mu_staco_pt
ηµ mu_staco_eta
Nµ mu_staco_n
Eµ [MeV] mu_staco_E
µtight mu_staco_tight
µmedium mu_staco_medium
µloose mu_staco_loose
Q(µ) [e] mu_staco_charge
m(µ) [MeV] mu_staco_m
ETcone30(µ) [MeV] mu_staco_etcone30
PTcone30(µ) [MeV] mu_staco_ptcone30
Jets
PT(jet) [MeV] jet_AntiKt4LCTopo_pt
ηjet jet_AntiKt4LCTopo_eta
Njet jet_AntiKt4LCTopo_n
Ejet [MeV] jet_AntiKt4LCTopo_E
m(jet) [MeV] jet_AntiKt4LCTopo_m
Missing energy
EmissT [MeV] MET_RefFinal_et
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